Non-contact and active vegetation or plant parameters extraction using hyperspectral information is a prospective research direction among the remote sensing community. Hyperspectral LiDAR (HSL) is an instrument capable of acquiring spectral and spatial information actively, which could mitigate the environmental illumination influence on the spectral information collection. However, HSL usually has limited spectral resolution and coverage, which is vital for vegetation parameter extraction. In this paper, to broaden the HSL spectral range and increase the spectral resolution, an Acousto-optical Tunable Filter based Hyperspectral LiDAR (AOTF-HSL) with 10 nm spectral resolution, consecutively covering from 500-1000 nm, was designed. The AOTF-HSL was employed and evaluated for vegetation parameters extraction. "Red Edge" parameters of four different plants with green and yellow leaves were extracted in the lab experiments for evaluating the HSL vegetation parameter extraction capacity. The experiments were composed of two parts. Firstly, the first-order derivative of the spectral reflectance was employed to extract the "Red Edge" position (REP), "Red Edge" slope (RES) and "Red Edge" area (REA) of these green and yellow leaves. The results were compared with the referenced value from a standard SVC © HR-1024 spectrometer for validation. Green leaf parameter differences between HSL and SVC results were minor, which supported that notion the HSL was practical for extracting the employed parameter as an active method. Secondly, another two different REP extraction methods, Linear Four-point Interpolation technology (LFPIT) and Linear Extrapolation technology (LET), were utilized for further evaluation of using the AOTF-HSL spectral profile to determine the REP value. The differences between the plant green leaves' REP results extracted using the three methods were all below 10%, and the some of them were below 1%, which further demonstrated that the spectral data collected from HSL with this spectral range and resolution settings was applicable for "Red Edge" parameters extraction.
Introduction
The remote sensing community has demonstrated the effectiveness of hyperspectral imagers and LiDAR to obtain spectral and spatial information [1] [2] [3] [4] [5] . The hyperspectral imager is capable of obtaining consecutive and abundant spectral profiles of targets, which has been employed in vegetation parameter extraction, food production prediction, target classification, etc. [1] [2] [3] [4] [5] . However, the hyperspectral imager relies on environmental illumination conditions, so poor lighting will affect the hyperspectral information acquisition. LiDAR is an active sensor invented to acquire spatial information. In LiDAR a laser source emits monochromatic laser beams to a target, and thus, the ranging information is obtained through measuring the travel time of the laser beam [6, 7] . With a scanning operation, LiDAR is able to obtain spatial information from the environment. Besides this, the power of the reflected signal from the target in LiDAR can be obtained with ranging operation. With careful calibration, the power of the reflected signal is measured and termed as intensity. Researchers have carried out some investigations using the intensity of a single wavelength to obtain some textures of the targets, for instance, rock analysis in outcrop models, landcover classification, etc. [1] [2] [3] [4] [5] [6] [7] [8] .
Restricted by the monochromatic laser source, intensity information of the back-scattered laser pulse or the spectral information from a traditional single wavelength LiDAR is much less efficient than a passive spectrometer [9] [10] [11] . Recently, two approaches were investigated for the fusion of spatial and spectral data. The first approach ias to combine spectral and spatial data from two standalone instruments into the same framework, and this method was employed in forest area classification, urban species classification, automatic building extraction, and outcrop analysis [12] [13] [14] [15] [16] [17] [18] . The disadvantage is that the data registration is complicated and time-consuming, and the coordinate transformation between the two instruments will probably introduce additional errors [12] [13] [14] [15] [16] [17] [18] .
The second approach refers to the integration of ranging with spectral measuring functions into a single sensor or instrument. Hyperspectral LiDAR (HSL) or Multispectral LiDAR (MSL) were developed as active sensors to obtain spectral and spatial information simultaneously. Basically, there are two solutions to develop an HSL or MSL. The first solution is to combine several monochromatic laser sources of different wavelengths together. Since more channels mean more laser sources at different spectral wavelengths, it was hard to combine tens or hundreds of monochromatic laser sources together in this framework [19] [20] [21] . The second solution is to develop the HSL through employing a super-continuum (SC) laser source replacing the above monochromatic laser sources of different wavelengths, and the SC laser source is able to emit ultra-wideband coherent laser transmissions with spectral ranging from approximately 400 nm to 2500 nm [19] [20] [21] . Scientists from the Finnish Geospatial Research Institute (FGI) proposed the SC laser source-based spectral measurement concept in 2007 [22] . The first results with the prototype instrument were presented with a discussion of improvements and applications in laser-based hyperspectral remote sensing [22] . Further, in 2010, a two-channel multispectral LiDAR with 600 nm and 800 nm spectral wavelengths was developed and demonstrated, which was capable of distinguishing between a vegetation target (Norway spruce) and inorganic material using the Normalized Difference Vegetation Index (NDVI) parameter [23] . In 2012, the first full-waveform HSL with eight spectral channels was constructed by FGI. The novel instrument produced 3D point clouds with spectral back-scattered reflectance data [24] . Then, HSL was investigated in vegetation content estimation, leaf level chlorophyll estimation, leaf biochemical content estimation, landcover classification, and artificial object classification [25] [26] [27] [28] [29] [30] . However, compared with the hyperspectral imager, these HSLs had restricted and discrete spectral bands and channels. For broadening the applications of HSL, attention should be paid to develop a HSL enabling continuous spectral band collection with higher spectral resolution [31] [32] [33] .
As an active instrument to acquire abundant spectral profiles, HSL usually has limited spectral bands and coverage, and a more universal and practical HSL with fine spectral resolution and coverage is of great significance for non-contact and active vegetation parameter extraction. Motivated by this, in this paper, an Acousto-optical Tunable Filter HSL (AOTF-HSL) with 10 nm spectral resolution covering 500-1000 nm was developed, and the HSL was evaluated by comparing the selected "Red Edge" (RE) vegetation parameter-related results from AOTF-HSL with those obtained using an SVC HR-1024 spectrometer.
In this research, leaves from four different plants were measured to evaluate the capacity of using the spectral from the AOTF-HSL for vegetation RE-related parameter extraction. In the vegetation research community, the important "Red Edge" position (REP) parameter is closely related to various physical and chemical parameters of vegetation, and it is commonly employed to indicate the growing states of the vegetation and monitor the plant activity [34, 35] . Thus, the RE related parameters were selected as the representative for evaluating the HSL in vegetation applications. As shown in Figure 1 , REP refers to the position of an inflection point of the first derivative of reflectance values, and it usually locates in the red spectrum band [33] [34] [35] [36] . REP result comparison between the HSL and SVC spectrometer could provide a preliminary evaluation of the utility of HSL in vegetation parameter extraction. In this research, leaves from four different plants were measured to evaluate the capacity of using the spectral from the AOTF-HSL for vegetation RE-related parameter extraction. In the vegetation research community, the important "Red Edge" position (REP) parameter is closely related to various physical and chemical parameters of vegetation, and it is commonly employed to indicate the growing states of the vegetation and monitor the plant activity [34, 35] . Thus, the RE related parameters were selected as the representative for evaluating the HSL in vegetation applications. As shown in Figure 1 , REP refers to the position of an inflection point of the first derivative of reflectance values, and it usually locates in the red spectrum band [33] [34] [35] [36] . REP result comparison between the HSL and SVC spectrometer could provide a preliminary evaluation of the utility of HSL in vegetation parameter extraction. In addition, three most common used methods (First-order Reflectance Slope (FRS), Linear Four-point Interpolation technology (LFPIT) and Linear Extrapolation technology (LET)) were investigated in this research for fully and furtherly evaluating the HSL capacity in spectral profiles acquirement and vegetation parameters extraction.
The contribution of this paper was summarized as follows: 1. This paper presents a more universal and applicable HSL with high spectral resolution to obtain vegetation spectral profiles, and three different RE position extraction methods were firstly employed for addressing the acquired HSL spectral profiles; 2. This paper is just the beginning of using the high spectral resolution HSL for vegetation index detection, which might inspire estimation of other vegetation parameters or biochemical content using this advanced HSL. The remainder of this paper is organized as follows: Section 2 presents the system design of the AOTF-HSL and the REP determination methods in detail; Section 3 presents the results and analysis of the laboratory experiments concerning the RE-related parameters measurements, result comparisons between different methods and the analysis; and then the conclusions are drawn in Section 4.
Materials and Methods
This section is divided into two subsections, the first subsection is the AOTF-HSL design, components and description; and the second subsection presents the REP determination methods, including the calculation equations. Figure 1 presents the design and diagram of the AOTF-HSL, which employs a super-continuum (SC) laser source covering 450-2350 nm. Figure 2 presents the relationship between the wavelength and power density of the employed SC laser source. An AOTF is installed in front of the SC source. AOTF is capable of consciously selecting and filtering laser beam with 10 nm spectral resolutions from 430-1450 nm. After the laser beam passing through AOTF, the emitted broadband laser beam In addition, three most common used methods (First-order Reflectance Slope (FRS), Linear Four-point Interpolation technology (LFPIT) and Linear Extrapolation technology (LET)) were investigated in this research for fully and furtherly evaluating the HSL capacity in spectral profiles acquirement and vegetation parameters extraction.
AOTF-HSL Design and Components
The contribution of this paper was summarized as follows:
1. This paper presents a more universal and applicable HSL with high spectral resolution to obtain vegetation spectral profiles, and three different RE position extraction methods were firstly employed for addressing the acquired HSL spectral profiles; 2.
This paper is just the beginning of using the high spectral resolution HSL for vegetation index detection, which might inspire estimation of other vegetation parameters or biochemical content using this advanced HSL.
The remainder of this paper is organized as follows: Section 2 presents the system design of the AOTF-HSL and the REP determination methods in detail; Section 3 presents the results and analysis of the laboratory experiments concerning the RE-related parameters measurements, result comparisons between different methods and the analysis; and then the conclusions are drawn in Section 4.
Materials and Methods
This section is divided into two subsections, the first subsection is the AOTF-HSL design, components and description; and the second subsection presents the REP determination methods, including the calculation equations. Figure 2 presents the relationship between the wavelength and power density of the employed SC laser source. An AOTF is installed in front of the SC source. AOTF is capable of consciously selecting and filtering laser beam with 10 nm spectral resolutions from 430-1450 nm. After the laser beam passing through AOTF, the emitted broadband laser beam is collimated and then reflected towards the target by a reflecting mirror. A Cassegrain telescope optical system is employed to collect the energy of the reflected laser pulses from the targets. An APD sensor module with an integrated amplifier is placed on the focal point of the Cassegrain telescope to collect the back-scattered laser echoes and transform them to electronic signals, which are sampled and recorded by a linked high-speed oscilloscope (20 GHz sampling rate, which equals 7.5 mm range resolution). Spectral information can be extracted from the recorded raw waveform. Meanwhile, the triggering signal indicating the emission of SC source is collected by the linked high-speed oscilloscope. Distance information is obtained by measuring the time difference between the triggering signal and reflected signal from the target. More details on the spectral and ranging information acquiring capacity could be found in our recent paper [32] . The remainder of this section will present the specifications of different parts of the AOTF-HSL. is collimated and then reflected towards the target by a reflecting mirror. A Cassegrain telescope optical system is employed to collect the energy of the reflected laser pulses from the targets. An APD sensor module with an integrated amplifier is placed on the focal point of the Cassegrain telescope to collect the back-scattered laser echoes and transform them to electronic signals, which are sampled and recorded by a linked high-speed oscilloscope (20 GHz sampling rate, which equals 7.5 mm range resolution). Spectral information can be extracted from the recorded raw waveform. Meanwhile, the triggering signal indicating the emission of SC source is collected by the linked high-speed oscilloscope. Distance information is obtained by measuring the time difference between the triggering signal and reflected signal from the target. More details on the spectral and ranging information acquiring capacity could be found in our recent paper [32] . The remainder of this section will present the specifications of different parts of the AOTF-HSL. 
AOTF-HSL Design and Components

SC Source
In order to increase the spectral range of the AOTF-HSL, SC source ( Figure 2 ) employed in this paper is with a large single pulse energy (>19 uJ) and the pulse width is two nanoseconds with power density distribution shown in Figure 3 . The total power of the selected SC model is more than 8W, and the M 2 factor of SC source is better than 1.1 with a 200 MHz maximum repeating rates. With such a powerful laser source, the effective range of AOTF-HSL is improved to several tens meters based on the previous experiments [32] . Figure 3) is an electro-optical device that functions as an electronically tunable excitation filter to simultaneously modulate the intensity and wavelength of the laser beam. The AOTF relies on a specialized birefringent crystal whose optical properties vary upon interaction with an acoustic wave. Changes in the acoustic frequency alter the diffraction properties of the crystal, 
In order to increase the spectral range of the AOTF-HSL, SC source ( Figure 2 ) employed in this paper is with a large single pulse energy (>19 uJ) and the pulse width is two nanoseconds with power density distribution shown in Figure 3 . The total power of the selected SC model is more than 8W, and the M 2 factor of SC source is better than 1.1 with a 200 MHz maximum repeating rates. With such a powerful laser source, the effective range of AOTF-HSL is improved to several tens meters based on the previous experiments [32] . is collimated and then reflected towards the target by a reflecting mirror. A Cassegrain telescope optical system is employed to collect the energy of the reflected laser pulses from the targets. An APD sensor module with an integrated amplifier is placed on the focal point of the Cassegrain telescope to collect the back-scattered laser echoes and transform them to electronic signals, which are sampled and recorded by a linked high-speed oscilloscope (20 GHz sampling rate, which equals 7.5 mm range resolution). Spectral information can be extracted from the recorded raw waveform. Meanwhile, the triggering signal indicating the emission of SC source is collected by the linked high-speed oscilloscope. Distance information is obtained by measuring the time difference between the triggering signal and reflected signal from the target. More details on the spectral and ranging information acquiring capacity could be found in our recent paper [32] . The remainder of this section will present the specifications of different parts of the AOTF-HSL. 
AOTF vs. LCTF
An AOTF (Figure 3) is an electro-optical device that functions as an electronically tunable excitation filter to simultaneously modulate the intensity and wavelength of the laser beam. The AOTF relies on a specialized birefringent crystal whose optical properties vary upon interaction with an acoustic wave. Changes in the acoustic frequency alter the diffraction properties of the crystal, enabling very rapid (in microsecond level) wavelength tuning, limited only by the acoustic transit time across the crystal. The selected wavelength is determined by Equation (1):
where the selected wavelength (λ) is a function of the difference of the refractive indexes due to birefringent ∆n, the frequency of the applied RF signal f , the incident angle θ i and the variable speed of acoustic waves in the crystal material V.
Previously, a feasibility study for detecting REP values was also carried out with a Liquid Crystal Tunable Filter (LCTF)-based HSL (LCTF-HSL) [31] . The major parameter specifications of LCTF and AOTF are shown in Table 1 . The AOTF has a wider spectrum, covering from 430 nm to 1450 nm, while the LCTF just covers 400 nm to 720 nm. The AOTF is capable of continuously selecting or tuning the spectral resolution from 2 nm to 10 nm, and the LCTF just has three independent selections of 7, 10 and 20 nm. Moreover, the response time of AOTF is 10 µs, which is at least three orders of magnitudes quicker than the LCTF (the typical response time is 50 ms). Obviously, AOTF is much more preferable while selecting a filter in HSL. Figure 3 presents the AOTF and LCTF devices employed in this research. After the transmission of the laser beam from the laser source, a collimator is necessary to collimate the beam. In a traditional monochromatic LiDAR, the collimator design is comparatively simple, since only a single wavelength is considered in the laser beam collimation. However, in HSL, the wider spectral range of the laser beams should be taken into consideration in the laser beam collimation operation. An achromatic Galileo-type collimator is utilized for HSL system development with a beam expansion ratio of 1:5. Figure 4 shows the changing reflectance rate over the spectral wavelengths of the employed collimator. It can be observed that the collimator has a stable and low reflectance rate with the spectral wavelength ranging from approximately 650nm to 1050nm with broadband anti-reflection coating technique. enabling very rapid (in microsecond level) wavelength tuning, limited only by the acoustic transit time across the crystal. The selected wavelength is determined by Equation (1):
where the selected wavelength (λ) is a function of the difference of the refractive indexes due to birefringent ∆n, the frequency of the applied RF signal f , the incident angle θ and the variable speed of acoustic waves in the crystal material V . Previously, a feasibility study for detecting REP values was also carried out with a Liquid Crystal Tunable Filter (LCTF)-based HSL (LCTF-HSL) [31] . The major parameter specifications of LCTF and AOTF are shown in Table 1 . The AOTF has a wider spectrum, covering from 430 nm to 1450 nm, while the LCTF just covers 400 nm to 720 nm. The AOTF is capable of continuously selecting or tuning the spectral resolution from 2 nm to 10 nm, and the LCTF just has three independent selections of 7, 10 and 20 nm. Moreover, the response time of AOTF is 10 μs, which is at least three orders of magnitudes quicker than the LCTF (the typical response time is 50 ms). Obviously, AOTF is much more preferable while selecting a filter in HSL. Figure 3 presents the AOTF and LCTF devices employed in this research. After the transmission of the laser beam from the laser source, a collimator is necessary to collimate the beam. In a traditional monochromatic LiDAR, the collimator design is comparatively simple, since only a single wavelength is considered in the laser beam collimation. However, in HSL, the wider spectral range of the laser beams should be taken into consideration in the laser beam collimation operation. An achromatic Galileo-type collimator is utilized for HSL system development with a beam expansion ratio of 1:5. Figure 4 shows the changing reflectance rate over the spectral wavelengths of the employed collimator. It can be observed that the collimator has a stable and low reflectance rate with the spectral wavelength ranging from approximately 650nm to 1050nm with broadband anti-reflection coating technique. 
Reflector
The main function of the reflector installed on the optical axis of the receiving Cassette telescope is employed to steer the spectrally tuned laser beam toward the target. In order to mitigate the loss of laser energy, this paper takes full consideration of the devices with high reflection efficiency in the range from visible band (VIS) to near infrared spectrum band (NIS) during the selection of reflector. 
The main function of the reflector installed on the optical axis of the receiving Cassette telescope is employed to steer the spectrally tuned laser beam toward the target. In order to mitigate the loss of laser energy, this paper takes full consideration of the devices with high reflection efficiency in the range from visible band (VIS) to near infrared spectrum band (NIS) during the selection of reflector. As shown in Figure 5 , the reflectivity of the selected reflector is over 94% in the spectrum range of 500 nm to 1000 nm. As shown in Figure 5 , the reflectivity of the selected reflector is over 94% in the spectrum range of 500 nm to 1000 nm. 
REP Extraction Methods
The first-order differential of the spectral reflectance is the most commonly used method to extract the REP values. Since the spectral profiles are sampled with λ Δ , Equation (2) is employed for calculating the first differential of the spectral reflectance. The equation is given in detail as:
where, i λ is the corresponding spectral wavelength, ' ( ) i ρ λ is the first-order differential of the spectral reflectance, ( ) Apart from this, another two RE parameters, RE slope and RE area, are also included. REP refers to the position of the RE in spectral wavelength, and REP slope is the spectral reflectance slope of the REP. REA refers to the area surrounded by the first derivative of the spectral reflectance, and it is calculated by the accumulating the reflectance slope with the spectral range from 680 nm to 750 nm [32] [33] [34] [35] [36] [37] . Illustrative figures of these RE related parameters can be found in [32] [33] [34] [35] [36] [37] .
In addition, another two methods, Linear Four-point Interpolation Technology (LFPIT) and Linear Extrapolation Technology (LET), are employed for REP determination. Firstly, LFPIT is based on equations (3)-(4). In this experiment, the method employs four wavelength data for calculating the REP. As illustrated, the 670 nm and 780 nm spectral information is used to calculate the reflectance at the REP, and the 700 nm and 740 nm spectral data are for determining the REP. In equations (3) 
Secondly, the LET method can be represented by equations (5)- (7) , and the REP is determined using the two extrapolation equations. Equation (5) is the extrapolation of the reflectance for spectral wavelengths ranging from 680 nm to 700 nm. Equation (6) is the extrapolation of the reflectance for spectral wavelengths ranging from 725 nm to 760 nm. Then, the REP is determined using the parameters ( 1 m , 2 m , 1 c and 2 c ) from equations (5) and (6). In the following equations, the 1 FDR and 2 FDR are the spectral reflectance slope of the spectral ranging 680 nm and 700 nm and 725 nm 
The first-order differential of the spectral reflectance is the most commonly used method to extract the REP values. Since the spectral profiles are sampled with ∆λ, Equation (2) is employed for calculating the first differential of the spectral reflectance. The equation is given in detail as:
where, λ i is the corresponding spectral wavelength, ρ (λ i ) is the first-order differential of the spectral reflectance, ρ(λ i+1 ) and ρ(λ i−1 ) are reflectance values at spectral wavelength of λ i+1 and λ i−1 respectively, 2 × ∆λ is the spectral increment between λ i+1 and λ i−1 . In this AOTF-HSL system, 10 nm spectral resolution is selected, thereby λ i is sampled as 670, 680, 690, 700, 710, 720, 730, 740 and 750 nm in the spectral band. Apart from this, another two RE parameters, RE slope and RE area, are also included. REP refers to the position of the RE in spectral wavelength, and REP slope is the spectral reflectance slope of the REP. REA refers to the area surrounded by the first derivative of the spectral reflectance, and it is calculated by the accumulating the reflectance slope with the spectral range from 680 nm to 750 nm [32] [33] [34] [35] [36] [37] . Illustrative figures of these RE related parameters can be found in [32] [33] [34] [35] [36] [37] .
In addition, another two methods, Linear Four-point Interpolation Technology (LFPIT) and Linear Extrapolation Technology (LET), are employed for REP determination. Firstly, LFPIT is based on Equations (3) and (4) . In this experiment, the method employs four wavelength data for calculating the REP. As illustrated, the 670 nm and 780 nm spectral information is used to calculate the reflectance at the REP, and the 700 nm and 740 nm spectral data are for determining the REP. In Equations (3) and (4), R 670 and R 780 are the corresponding reflectance values at 670 nm and 780 nm respectively. R 700 and R 740 are the corresponding reflectance values at 700 nm and 740 nm respectively:
Secondly, the LET method can be represented by Equations (5)- (7) , and the REP is determined using the two extrapolation equations. Equation (5) is the extrapolation of the reflectance for spectral wavelengths ranging from 680 nm to 700 nm. Equation (6) is the extrapolation of the reflectance for spectral wavelengths ranging from 725 nm to 760 nm. Then, the REP is determined using the parameters (m 1 , m 2 , c 1 and c 2 ) from Equations (5) and (6) . In the following equations, the FDR 1 and FDR 2 are the spectral reflectance slope of the spectral ranging 680 nm and 700 nm and 725 nm and 760 nm. m 1 , m 2 , c 1 and c 2 are the parameters for describing the spectral reflectance slope and determining the REP. The REP determination using this method is as Equation (7):
Results
As aforementioned, four different plants with green or yellow leaves were used in the laboratory experiments for the AOTF-HSL testing. Figure 6 shows these measured plants, namely dracaena (Figure 6a ), aloe (Figure 6b ), rubber plant ( Figure 6c ) and radermachera (Figure 6d ). The AOTF-HSL and the SVC spectrometer are employed to measure the REP, the corresponding reflectance REP slope and REA. As aforementioned in Section 2, the LCTF-HSL is not sufficient for determining the REA parameters according to the LCTF parameters. and determining the REP. The REP determination using this method is as Equation (7):
( )
As aforementioned, four different plants with green or yellow leaves were used in the laboratory experiments for the AOTF-HSL testing. Figure 6 shows these measured plants, namely dracaena ( Figure 6(a) ), aloe ( Figure 6(b) ), rubber plant ( Figure 6(c) ) and radermachera ( Figure 6(d) ). The AOTF-HSL and the SVC spectrometer are employed to measure the REP, the corresponding reflectance REP slope and REA. As aforementioned in Section 2, the LCTF-HSL is not sufficient for determining the REA parameters according to the LCTF parameters. 
REP, RE Slope and REA Measurement Results and Analysis
The Dracaena leaves spectral measurement results are shown in Figures 7-10 . In Figure 7 , the first-order derivative spectral profiles of green leaf and yellow leaf from AOTF-HSL and SVC are presented. Figure 8 shows the results of aloe green and yellow leaf, and the remaining Figure 9 and Figure 10 are the spectral slope curves for rubber plant and radermachera green leaf, respectively. 
The Dracaena leaves spectral measurement results are shown in Figures 7-10 . In Figure 7 , the first-order derivative spectral profiles of green leaf and yellow leaf from AOTF-HSL and SVC are presented. Figure 8 shows the results of aloe green and yellow leaf, and the remaining Figures 9 and 10 are the spectral slope curves for rubber plant and radermachera green leaf, respectively. Among these figures, it can be seen from Figures 7a, 8a, 9 and 10 that spectral slope curves of green leaves of the selected plants extracted from AOTF-HSL coincide with its corresponding referenced measurements from the SVC spectrometer. Tables 2-4 list the quantitative results of the corresponding vegetation parameter results and the differences between the active and passive methods; the percentages are calculated using difference values dividing the corresponding referenced results from SVC. The differences of REP of all green leaf test cases are below 1%, however, for the REP slope, only the aloe green leaf REP slope difference percentage is below 1%. Specifically, the REP slope of the dracaena green leaf is large than 10%. For green leaf REA results, dracaena green leaf difference is also the largest, and it is more than 5%. Among these figures, it can be seen from Figure 7a, Figure 8a , Figure 9 and Figure 10 that spectral slope curves of green leaves of the selected plants extracted from AOTF-HSL coincide with its corresponding referenced measurements from the SVC spectrometer. Tables 2-4 list the quantitative results of the corresponding vegetation parameter results and the differences between the active and passive methods; the percentages are calculated using difference values dividing the corresponding referenced results from SVC. The differences of REP of all green leaf test cases are below 1%, however, Figures 7b and 8b present the spectral slope curves representing Dracaena yellow leaf and aloe yellow leaf, respectively. Compared with green leaf curves, both the yellow leaf curves from AOTF-HSL measurements are distinctive from that of SVC. Further analysis is also given in Tables 2-4 , where the REP differences are 9.45 nm and 24.1 nm, respectively, and the corresponding difference is considerably higher than in the green leaf cases.
In addition, from comparing the REP between green and yellow leaves from the same plant, it can be seen by comparing the curves of Figures 7a, 7b , 8a and 8b that REP has an obvious shift towards a shorter wavelength, named "blue shift", since the yellow leaves have lower chlorophyll content and this tendency or REP behavior is consistent with previous research results. 
Comparison of REP Results from Differnent Calculating Methods
In Section 3.1, the REP is calculated using the FRS technique. Actually, there are other methodologies for interpolating the reflectance REP, for instance, Linear Four-point Interpolation Technology (LFPIT), and Linear Extrapolation Technology (LET) [37, 38] . For further validating and evaluating the proposed active remote sensing method, the AOTF-HSL spectral information is employed to calculate the REP based on LFPIT and LET.
With the parameters listed in Table 1 , the selected wavelength spectral reflectance in LFPIT and LET beyond the wavelength scope of the LCTF-HSL, AOTF-HSL is more applicable than LCTF-HSL. In this section, only the spectral profiles collected by AOTF-HSL are used for extraction of these parameters. Tables 5-10 give the results of the four REP determination methods. Among them, four tables (Tables 5, 7, 9 and 10) are the REP results from the green leaves, and the other two (Tables 6 and 8) are the REP results from yellow leaves of dracaena and dloe.
Firstly, in the aspect of the green leaves results, the AOTF-HSL and SVC give a similar REP using the four different results, with differences all below 1% except for the rubber plant REP using the LFPIT method. The lower spectral resolution of HSL may account for the minor differences between AOTF-HSL and SVC. In this paper, the AOTF-HSL spectral resolution is 10 nm, and the SVC spectral resolution is better than 2 nm. Secondly, in aspect of the yellow leaves (Tables 6 and 8 ), the differences of the results between AOTF-HSL and SVC calculated by the LFPIT and LET methods are all more than 5%, and the figures are slightly higher than the FPS-derived REP results. Compared with the green leaves, the differences between AOTF-HSL and SVC are larger in the yellow leaf cases. In addition, the three REP-derived methods give similar results in the green leaf cases, including AOTF-HSL and SVC, however, there is an obvious difference in the yellow leaves results. Especially, in the AOTF-HSL REP of the dracaena yellow leaf case, the LEPIT and LET methods afford similar results, but they are different from the FRS results. As aforementioned, the spectral resolution has an influence on the operation of LET and LEPIT, and in this experiment, the spectral resolution of AOTF-HSL is selected as 10 nm, which might affect the calculation of the results.
Discussion
The development of active measuring methods to obtain spectral information is of great significance. The AOTF-HSL technique presented in this paper has the unique characteristic of collecting a continuous spectrum in the visible and near infrared (VNIR) regions with 10 nm spectral resolution, which is the best spectral resolution in any published paper. However, limited by the HSL hardware configuration and the data processing capacity, compared with SVC spectrometer, the spectral resolution is still slightly restricted. We presume this is the major reason contributing to the slight differences between AOTF-HSL and SVC in green leaves measuring results. In addition, for REP slope and REA, these results are quite distinctive and the percentages are all larger than 30%. We think that these following reasons might account for this phenomenon:
1.
Green leaves have more uniform spectral reflectivity over their surface, since the contents affecting "Red Edge" related parameters are distributed evenly on them; in contrast to this, yellow leaves have uneven distributions of these contents as Figure 7a ,b present and the reflectivity varies for different parts of the yellow leaf; 2.
As aforementioned in Section 2, the hardware design, optics system, and the measurement distance determine the diameter of the laser pulse footprint for sampling, which is approximately 1 cm in this experiment with a field of view (FOV) of 0.2 mill radian. The sampled area of the spectrometer is larger (resulting in a 5.5 cm radius footprint with a 25• field of view). Area coverage by the laser pulse has different reflectivity due to the non-uniformity of the yellow leaves.
For the FRS method, the spectral resolution affects the calculation results. Due to the higher spectral resolution of the SVC, the spectral profile collected by SVC could contribute to more detailed descriptions of the reflectance slope changes. In the LET and LPFIT methods, the parameters are calculated using the selected reflectance at several specific spectral wavelengths, and some of them are not consistent with the selected wavelength of the AOTF-HSL. Some spectral reflectance values are calculated using the average values of the intensities from the nearby spectral wavelength. For instance, in the LET method, the 725 nm reflectance is calculated through averaging that of 720 nm and 730 nm, which might slightly affect the results. Moreover, in the LET method, only three spectral reflectance values from AOTF-HSL are employed to fit the FDR1 (680, 690 and 700 nm), which might bias the final results. Thus, we think following future works are necessary for extending the HSL enabling vegetation index estimation and determination:
HSL with finer spectral resolution is anticipated to improve the performance in vegetation index or parameter extraction, and the ultimate HSL will have similar spectral resolution with the referenced SVC spectrometer. With better spectral resolution, it is of great significance to estimate the vegetation content and produce more comparable measurements. HSL spectral profiles covering the 500-1000 nm wavelength band with 2 nm resolution is anticipated for future work, whose resolution is more feasible to produce reliable results for vegetation-related applications.
2.
In this paper, the influence of the spectral resolution on the REP or further vegetation resolution is not investigated, limited by the hardware design. A 10 nm spectral resolution is employed in this paper, which is determined by the LiDAR raw measurement processing capacity; actually, the spectral resolution of the AOTF-HSL can be adjusted from 2 nm to 10 nm, it is of great significance for exploring the influence of the spectral resolution on the performance of the above REP extraction method.
3.
REP is one of the most important indicators for vegetation health monitoring, but there are still some other vegetation indexes for presenting vegetation growth or content; more work would be carried out on using HSL to extract these vegetation indexes.
Conclusions
This paper investigated an AOTF-based 10 nm spectral resolution HSL, and for which the consecutive spectral bands were tunable covering 500-1000 nm. An AOTF was installed after the super-continuum laser source and consecutively selecting the wavelength of the passing laser beam. 51-channel spectral information was acquired. Then, four different plants with four green leaves and two yellow leaves were measured by the AOTF-HSL and with corresponding referenced spectral profiles collected by an SVC spectrometer. For green leaves, the "Red Edge"-related parameters extracted using the first-order reflectance slope (FRS) from the AOTF-HSL and SVC spectrometer were trivial, and this demonstrated the AOTF-HSL was capable of measuring vegetation "Red Edge"-related parameters. Moreover, the observed shift behaviours were consistent with previous research results, which also supported the fact that measurement results from the AOTF-HSL are reliable. In addition, another two methods, LFPIT and LET, were employed for calculating the REP for further comparing the results between HSL and SVC. The results were similar to those from the FRS method, which further demonstrated the effectiveness of the HSL in this vegetation index detection and measurement.
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